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Abstract. Measurements using the 2-D video disdrometermost probable drop shapes and the corresponding variations
(2DVD) taken during a heavy rainfall event in Huntsville, Al- were also derived and compared with prior results from the
abama, are analysed. The 2DVD images were processed 80 m fall “artificial rain” experiment.

derive the rain microstructure parameters for each individual
drop, which in turn were used as input to the T-matrix method
to compute the forward and back scatter amplitudes of each
drop at C-band. The polarimetric radar variables were thert

calculated from the individual drop contribution over a finite lari ) bl h | fectivi
time period, e.g., 1 min. The calculated co-polar reflectiv- Polarimetric radar variables such as co-polar reflectivity

ity, differential reflectivity, specific differential propagation (2. differential reflectivity €,,), specific differential prop-

phase and the co-polar correlation coefficient were compare@gation phase () and co-polar corrglation coefiicient
with measurements from a C-band polarimetric radar Iocateciph”) all deper_1d .fundamentally on the microstructure of hy-
15km away. An attenuation-correction method based on théjrqmgteors within the radar pulse volumg (sge, for ex'ample,
specific differential propagation phase was applied to the coBiNgi and Chandrasekar, 2001). For rain-filled media, the
polar and differential reflectivity data from the C-band radar, Tcrostructure can be defined in terms of, (@) drop size dis-
after ensuring accurate radar calibration. Time series com{rieution (DSD), (b) drop shape distribution, (c) drop orien-
parisons of the parameters derived from the 2DVD and ctations and, (gi) fall yelocmes. It has bgen shown recently
band radar data show very good agreement for all four quantha,t the 2-D video d.|s.drometer.(2IZ')\./D) is capable of mea-
tities, the agreement being sometimes better than the coni"''N9 all fqur quantities on an |nd|V|dl,!aI drop-by-drop ba-
putations using the 1-min drop size distribution and bulk as-S'S (€€ Sdmhuber etal., 2008). In this paper, we present

sumptions on rain microstructure (such as mean shapes arg'ch datataken during several rain evéinAlabama, USA,

model-based assumptions for drop orientation). The agree2nd compare the calculations made using these drop-by-drop

ment is particularly improved in the case of co-polar cor- data with C-band dual-polarimetric radar measurements. The
relation coefficient since this parameter is very sensitive to i
variation of shapes as well as orientation angles. The cal+> KM from the 2DVD location.
culations mark the first attempt at utilizing experimentally
derived “drop- by-drop” rain microstructure information to

compute the radar polarimetric parameters and to demon

strate the value of utilizing the 2-D video disdrometer for . .
studying rain microstructure under various precipitation con-S¢onhuber et al. (2008) have described the procedure for
deriving drop shapes and drop orientation angles from the

ditions. Histograms of drop orientation angles as well as the ; ar=s X
2DVD images of individual hydrometeors. Moreover, Thurai

et al. (2007) and Huang et al. (2008) have derived shape dis-
tributions and orientation angles (respectively) of drops from
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Introduction

radar used for this study is located in Huntsville, Alabama,

2 Deriving drop orientation and shape
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Fig. 1. Drop shapes in terms of probability f¢a) D., in the a . : R £ .
range 4-4.25 mm (left) an) 5-5.25 mm (right), from several rain
events in Alabama. The black line represents the “most probable” 100
shape fitted using 2DVD data from the 80 m fall “artificial” rain ex-  ~ 80 (b)
periment from Thurai et al. (2007). Note, the right hand plot shows £
for the first time the shape probability for the 5mm drops, derived % 60 7
from 2DVD images of nearly 250 drops in natural rain. 5 40
=
‘g 20
o
an artificial rain experiment conducted under calm condi- 0 ‘ ‘ ‘
5 6 7 8 9

tions where the drops were allowed to fall a distance of 80 m.
Analysis of over 115000 drops showed that the mean drop
shapes could be fitted to a smoothed conical equation based

N o : Fig. 2. (a) DSD time series of concentration (in mhm—3) as
on the equi-volumetric diameter,[2 Figure 1 shows the olor intensity plot (log scale). The “solid triangle” marks depict the

drop shapes deriv_ed from_ several _rain event_s in Alabama a_nﬁ'lass-weighted mean diametdr,f) while the “star” marks depict

compares them_ with the f|ttgd compal equation from the arti-o standard deviation or width of the mass spectrem)( (b)

ficial rain experiment for [, in the interval, (&) 4-4.25MM  shows the rainfall rate (bottom panel) for the 25 August 2007 event,

and (b) 5-5.25mm. The colour scale in Fig. 1 represents thexamined here in detail. This event was chosen because of the large

probability values and the finite width of the contour plots is range of rainfall rates.

indicative of the shape variations (due to, for example, drop

oscillations). For the 5mm case in Fig. 1b, there was suffi-

cient number of drops~250) to derive the probable shape. et al. (2008). Figure 3a shows the combined distribution of

Note that the fitted equation from the artificial rain experi- the two canting angles derived from the two cameras. The

ment fits the Alabama data well, for both the 4 mm and thedistribution is symmetric with a near-zero skewness, and has

5mm drops. Smaller drop diameters (not presented here} mean close to 0 deg. Its standard deviation is nearly 13 deg,

also showed similar good agreement. which is larger than the 7.5 deg derived for the artificial rain
experiment (conducted during low-wind wind conditions, as
mentioned earlier).

3 Analysis of one rain event When utilizing the T-matrix method for deriving the com-
plex scattering amplitude of each hydrometeor, it is often

We now consider a single rain event in Alabama. Theconventional to define the orientation in terms of the po-

recorded 1minute DSD is shown as time series in Fig. 2a and@" (or zenith) angle and its local azimuth. Figure 3b and

the rainfall rate estimated from the DSD is shown in Fig. 2b. € Show these two respective distributions corresponding to

This event was chosen because of its wide range in the DSD;19- 3&. The same notation as Huang et al. (2008) is used

with significant numbers of large drops during certain time Nere. As with the artificial rain experiment result;, the ;enith

periods and because of the large variation in the rainfall rategngle histogram corresponds to an expected Fisher distribu-

ranging from a few mmht to nearly 90mmn?. In gen-  tion (Mardia, 1972), and the azimuth angle shows a near-

eral, high rain rates are associated with a significant numbefniform distribution from 0 to 360 Note that the Fisher dis-

of larger drops, for example, at the beginning of the event,tribution is relevant to describing the statisitics of the orien-

drops in the 5-6 mm range are evident, and this correspond&tion of the drop symmetry axis on a spherical surface (e.g.,
to rainfall rates of over 60 mnTit. see Chapter 2 of Bringi and Chandrasekar, 2001). These his-

The 2DVD images of each of the individual hydrometeors 109rams, together with the shape variations in Fig. 1a and b,

were processed to derive their shape, size and orientatiodMPly that the orientation, size and shape of individual drops
using the image de-skewing procedure described in Huang"® P€ing determined accurately by the 2DVD.

UTC on 25 Aug 2007
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Fig. 4. Time series comparisons ¢&) Z; (top panel),(b) Z,,
(second panel)c) Ky, (third panel) andd) oy, (last panel) for

the 25 August 2007 event. In all cases, the blue line represents
the calculations utilizing the individual drop information and the

. . S . green line uses the 1-min integrated DSDs with bulk assumptions
Fig. 3. (a)top panel, shows the canting angle distributions derived regarding drop shapes and orientations. The red dots show the C-

from individual drop images from both camerd31.5 mm) using
the de-skewing procedure (as described in Huang et al 2008) for thg"’moI radar measurements (located 14.5km away) extracted from

event on 25 August 2008b) the middle andc) the lower panels Operational PPl scans and, with weighted 9-point average over the

show the corresponding zenith angle and the azimuth angle distri-2DVD site.

butions, respectively. Note the azimuth angle shows a near-uniform

distribution and the zenith angle shows the shape expected from a . . ) ) . .
Fisher distribution. sampling errors in the radar estimates if the averaging period

is too small ¢-tens of seconds) and the drop sorting errors
if the averaging period is too large-8 min). The latter has
4 Calculations of polarimetric radar variables been discussed by Lee and Zawadzki (2005) while the former
has been estimated for 2DVD by Schuur et al. (2001). The
Based on the individual drop information, the2 complex ~ sampling errors irZ;, Z4, and K4, for 1-min averaging of
scattering matrix was derived using the T-matrix calculationthe 2DVD have been estimated to be around 1dB, 0.25dB,
procedure. The complex scattering amplitudes, in turn, werénd 0.1 deg/km, respectively, which are reasonably consis-
used to compute the four radar parametéts, Z,, Kap tent with the fluctuations in Fig. 4, yet the physical trends are
and p, over a finite time period (1 min). Figure 4a, b, c readily discernible.
and d show these (blue solid lines) as time series of the four The “noisiness” ofZ,, and pp, is due to both sampling
radar quantities. Note that over each 1 min interval the to-errors as well as the physical sensitivity of these two quanti-
tal number of drops will vary, usually with rain rate. The ties to the rain microstructure variations. Over-plotted as red
1-min averaging interval is a compromise between the largedotted lines are the calculations using 1 min averaged DSDs
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100 - 5 Comparison with C-band measurements
80 @ The C-band polarimetric radar (ARMOR, see Petersen et al.,
g 2007) used here for comparisons is an operational radar lo-
£ 607 cated 14.5km from the 2DVD site. The antenna beamwidth
2 is 1° and the range resolution is 250m. The C-band data
x 40 were corrected for co-polar and differential attenuation using
'Ss 20 K 4p-based algorithms, similar to the procedure described in
Bringi et al. (2006), and the correctet} andZ,, as well as
0 K4, andpy, were extracted at and around the 2DVD location
5 6 7 8 9 (weighted 9-point average over three consecutive range gates
and 3 azimuths centred around the 2DVD site). The areal
60 averaging is over approximately 75@00m. Determining
+ 2DVD an optimal area for radar averaging is very difficult since it
50 T/« ARMOR depends on the spatial correlation structure of the particular
é 40 1 variable such ag or R. Bolen et al. (1998) have given a
::; radar-gage based method of determining the optimal averag-
=30 ing cell. They found the decorrelation (1/e) distances of ap-
o 20 o > S - proximately 0.8—1 km for the events they analyzed. Thus our
S use of an averaging “cell” of 750 m in range and 3 azimuths
< 10 is not unreasonable.
0 yi ‘ ‘ The averaged values extracted from the operational PPI
5 6 7 8 9 sweeps, taken every 5 min, are included as red dots in Fig. 4.

Clearly the agreement in the polarimetric parameters is much
better with the drop-by-drop based calculations, particularly
during the first hour of the event (see Appendix A for ex-
planation), and demonstrates the importance of the rain mi-
Erostructure parameters for calculating the radar parameters
(and vice-versa).

In Fig. 5 we compare (@) rainfall rates and, (b) rain ac-

and bulk assumptions regarding the shape and orientation gfumulation. The ARMOR-based ra|nfa()ll7ggt§s were derived
drops, namely that each drop has the “most probable” shapffom & Kaj-based algorithm{R=22.9 K5 />* in mm/h for
depending on it9,, and that the drops have a symmetric K4p>0.01deg/km. The R—K,, relationship is based on a
canting angle distribution with zero mean and standard deMean fit to the 2DVD data using the scattering calculations
viation of 7.5. Whilst the reflectivity curves do not show &S €xplained in Sect. 4. The same applies tolhe-Zsr
much difference between the two cases, there are differencedVen later. The agreement between the two rain rates in
for the polarimetric radar parameters, as follows: Fig. 5 is good, considering that the 2DVD has an effective
sensor area of 10cm by 10 cm whereas the radar samples a
(a) the Z,- and Ky, show significant differences at the be- much larger pulse volume (but nearly instantaneous). In ad-
ginning of the event dition, the smoothing of the differential propagation phase
) . results in poorer spatial resolution of t&;, especially in
(b) pro shows differences throughout the event, with o5 intense cells with peak values from the radar being
Ehe_d_ro?-by-drop method giving notlpeably lower and o, than the 2DVD as evident in Fig. 5. The rain accumu-
noisier” values, except at the beginning of the event.  5i0n gver the entire event shows very good agreement since

Note also tha,, is not significantly different between the h€ ‘over/under’ predictions tend to cancel out in the time
two methods, as would be expected sittzds relatively in- integration. More importantly, the two estimates track each

sensitive to axis ratio nor canting angle distributions. ForOther very closely, both totaling around 46 mm of rainfall in
Rayleigh scattering, most of the increaseZip. is actually ~ @ period of two and a half hours. However such comparisons
due to a decrease if,, with Z;, being approximately con- need to be made over many events in order to validate the

UTC on 25 Aug 2007

Fig. 5. Rainrate (top) and rain accumulation (bottom) comparisons
between 2DVD data based estimates and those retrieved from th
C-band polarimetric radar data.

stant. rain rate algorithm used herein.
We now compare these calculations with actual C-band Elnally in Fig. 6 we compare the histograms of mass-
radar measurements. weighted mean diameteR,,, derived from azZ;,-based al-

gorithm {D,,=1.782429-3%* in mm} based on a single PPI
sweep of ARMOR data up to 60 km in range, and from the
drop-by-drop 2DVD data. The PPl was taken at 06:06 UTC,

Adv. Geosci., 20, 1318, 2009 www.adv-geosci.net/20/13/2009/
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i.e. during the passage of the rain cell over the 2DVD site. 50
Note that the large number of radar resolution volumes (sev-
eral hundreds) included in the histogram represents a wide

TTTTTTTT

—— Estimated from ARMOR

. . 40 — From 2DVD
range of Dg values such that a convergent histogram is at-
tained. The resolution volumes selected includes the aree =
of the convective cell that is similar to that which traversed & %0
across the 2DVD site. This space-time “ergodic” principle, g

ha
o

while being loosely applied here, is reasonable provided the
radar estimates are based on an area of the convective ce

which is not too dissimilar to that sampled at a different time 10
by the 2DVD. Bringi et al. (2003) have used this idea to great
advantage in arriving at a global statistics of the DSD varia- 0

tion of meanDg and meanvg.

Once again, the two histograms lie close to each other,
and, moreover, it is worth nqting that the distr_ibution IS typi- Fig. 6. Histogram ofD,, from 2DVD for the entire event on 25 Au-
cal, on average, for sub-tropical convective rain events examg st 2007 compared with those estimated using a single PPl sweep
ined herein, that is mode of around 1.3 mm and a significankf the C-band data. They are not only similar to each other but agree
skewness withD,, values extending to more than 2.5mm with the typical distributions expected for such sub-tropical convec-
for a few percent in both cases. The average DSD charactive rain events, with the mode at around 1.3 mm and a significant
teristics of sub-tropical/tropical rain from a number of loca- skewness towards the larger values.
tions around the world is given in Bringi et al. (2003) based
on both disdrometer and radar-based retrievals. The mean
D,, from their sub-tropical/tropical cluster is in the range algorithm. These retrievals were consistent with those de-
1.5-1.7mm (which is close to the mean of the histogram inrived from the 2DVD.

Fig. 6). The good agreement between the two histograms in Since the start of the observation campaign in Alabama,
Fig. 6 is also one way of demonstrating the reliability of the there have been nearly 50 rain events recorded by the 2DVD
Z4--based algorithm to derivB,, on a statistical basis. and by the ARMOR radar. Further analyses of these events
will be carried out in order to develop/evaluate retrieval al-
gorithms at C-band, with particular emphasis on high rain-
fall rates. Recent modeling studies (see Beard et al., 2008)
indicate that collision-forced drop oscillations can occur in
intense rain, in which casg;, andK,, will be smaller than
Drop-by-drop measurements from the 2DVD have beenge expected values using standard shape models. Such hy-
demonstrated to provide per_tinent informat.ion on rainfall mi_— potheses will be investigated using the Alabama dataset, as
crostructure required for deriving the polarimetric radar vari- ye|l as the possibility of includingy,, for improved DSD

ables. When compared with simultaneous C-band radar obyetrievals for such intense events (as was the case in Thurai
servations, the calculations which utilize the microstructuregt g, 2008).

data give closer agreement than those using bulk assump-

tions. The improvement ipy, comparisons is particularly

remarkable since assuming a mean shape versus drop diamgppendix A

ter (D) relation does not capture the variance of shapes which

tends to decorrelate the H and V received signals. We believeyis ratio distributions

this is the first demonstration that drop-by-drop predictions

of pny agree well with radar measurements. In the case ofin Fig. 4, we saw that, during the first hour of the event, the

Kap, the resultis more strongly dependentip ratherthan 7z, calculated using the drop-by-drop method gave lower es-

on the shape variations about the mean. Egy, the drop-  timates than those calculated using the 1-min DSDs together

by-drop calculations become more important as the width ofwith model based assumptions on drop shapes and orienta-

the axis ratio distribution increases with increasibg In tions. We also saw that the agreement between the two es-

the case ofZ;,, the drop-by-drop calculations, as expected, timates was much closer during the latter half of the event.

are not much different from using the bulk assumptions. WeThe reason for this could be several, but the main cause is

expect that for radars capable of measuring LDR, the dropiikely to be the “modified drop shapes” that were observed

by-drop computations will be more important similar to what from the 2DVD data during the first hour of the event. Fig-

has been observed here with,. ure Al shows the axis ratio distributions for the 3.5-3.75mm
Rainfall rates, rain accumulation ady), histograms were  drops (derived from the ratio of the maximum vertical chord

retrieved from the C-band PPI scans using a 'tuned’ retrievako the maximum horizontal chord) for two time periods, viz.

Dm {mm)

6 Conclusions
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(both from Joanneum Research, Austria) for help with the 2DVD

3.5-3.75 mm software, and Christopher Shultz, Elise Johnson and Dustin

14 . - Phillips (all from UAH) for help with the 2DVD installation and
= I< 06:30 uTc |3 maintenance in Alabama, and to G.-J. Huang (CSU) for assistance
12 & T=0830UTC H . . .
= - with the T-matrix computations.
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